Impurity scattering properties for optical excitations in boron-nitride (BN) heteropolar nanotubes are investigated theoretically. We extend the continuum k · p model of the carbon nanotubes to that of the BN systems, where site energies are introduced at the boron and nitrogen atoms in order to take account of the strong ionic properties of the BN bonds. We show that the backward scattering components of the t matrix are small with the order a/L, a being the lattice constant and L the circumference length. Therefore, the BN nanotubes are good conductors for photoexcitations. *
Introduction
Carbon nanotubes are one-dimensional conductors made of cylindrical graphite planes [1] [2] [3] .
They become metallic or semiconducting, depending on their geometries and chiralities. Boronnitride (BN) heteropolar nanotubes have structures analogous to those of carbon nanotubes [4] [5] [6] , where the A-type carbon atoms are replaced with borons, and the B-type carbon atoms with nitrogens, respectively. The BN nanotubes are insulators due to the large ionic properties of the BN bonds [7, 8] . While the transport properties of carbon nanotubes are attractive in view of the recent developments of the nanofabrications [1] [2] [3] , the BN nanotubes can be used as optical materials where the large permanent dipole moments are present along the BN bonds [9] .
Recently, we have theoretically investigated impurity effects in carbon nanotubes: magnetic impurity effects [10, 11] and impurity scattering effects on quasiparticles in the presence of superconducting pairing correlations [12] . The electronic system of the carbon nanotube particularly in the low energy region is modeled well with the continuum k · p model [13, 14] .
It has been discussed that the pseudo gap develops at the Fermi energy in low temperatures when the metallic carbon nanotube interacts with one magnetic impurity with spin 1/2. We have also discussed that the carbon nanotubes are good conductors for the superconducting Cooper pairs as well as in the normal state.
In this paper, the k · p model of the carbon nanotube is extended to the BN nanotubes.
The site energy at the A-type and B-type sites is equal in the carbon nanotubes, and it is taken zero. In contrast, the number of electrons at boron sites becomes smaller than that of the nitrogen sites in the BN nanotubes. This effect can be parameterized by the difference of the site energies. Here, the quantities ε B and ε N are introduced at the boron and nitrogen atoms, respectively. The energy gap, ∆ ≡ ε B −ε N , is about 4 eV [7, 8] . We will show that the backward scattering of electron quasiparticles are small with the order a/L, where a is the lattice constant and L is the circumference length of the nanotube. This indicates that the BN nanotubes are good conductors for photocurrents. We discuss the impurity scattering properties for optically excited electron-hole pairs taking into account of charge transfer exciton effects arising from the strong ionic character of the BN bonds.
In the next section, we will explain the model. Impurity scattering effects will be studied in section 3. The paper is summarized in section 4.
Model
We shall study the following model for the BN nanotube using the k · p method [10, 13, 14] :
where H tube represents the electronic states of the BN nanotubes, and the model based on the k · p approximation [13] describes electronic systems on the continuum medium. The second term, H imp , represents the nonmagnetic impurity located at the site r 0 .
The hamiltonian by the k · p approximation in the second quantized representation has the following form:
where E k is an energy matrix:
, and Ψ k,σ is an annihilation operator with four components: The dispersion relation is
where k y is parallel with the axis of the nanotube, κ νφ (n) = (2π/L)(n + φ − ν/3), L is the circumference length of the nanotube, n (= 0, ±1, ±2, ...) is the index of bands, φ is the magnetic flux in units of flux quantum, and ν (= 0, 1, or 2) specifies the boundary condition in the x-direction. When n = φ = ν = 0, the energy gap ∆ ∼ 4 eV becomes smallest, and the system is always an insulator [7, 8] . When n = 0, the energy gap becomes a little bit larger, but the system remains insulating. Such the strong insulating property comes from the large ionic character of the BN bonds. The bottom of the conduction band has finite matrix elements at the boron sites, and the top of the valence band has finite matrix elements at the nitrogen sites. The schematic band dispersion is shown in Fig. 1 . When light is absorbed by the BN nanotube, the absorbed energy will give rise to charge transfer exciton states where the photoexcited electrons tend to have large amplitudes at the boron atoms, and the remaining holes are present mainly at the nitrogens. The idea of the charge transfer excitons is displayed in Fig. 2 . The dispersions around k = 0 (k = (0, k)) for n = φ = ν = 0 are
Therefore, the effective mass of the photoexcited electrons and holes is given by the magnitude of ∆. The low energy excitonic states can be well described by the k · p model, because the electronic and hole states around the energy gap have large amplitudes at the boron and nitrogen sites, respectively.
The propagator of the electrons of the nanotube is defined by the matrix form G(k, τ ) =
, where T τ is the time-ordering operator with respect to the imaginary time τ and Ψ k,σ (τ ) = exp(Hτ )Ψ k,σ exp(−Hτ ). The Fourier transform of G is calculated as:
where ω n = (2n + 1)πT is the odd Matsubara frequency for fermions. The components of G are written explicitly as:
and
3. Impurity scattering Now, we consider the impurity scattering in the BN nanotubes. We take into account the single impurity potential located at the point r 0 :
where I is the impurity strength.
The scattering t-matrix at the K point is
Here, N s is the total site number, which is given by
A is the length of the nanotube, and ( √ 3/2)a 2 is the area of the unit cell. There are two carbons in one unit cell, so the factor 2 is multiplied. The discussion about the t-matrix at the K ′ point is qualitatively the same, so we only consider the t-matrix at the K point. In the conditions with zero magnetic field φ = 0, none chirality ν = 0, and a/L ≪ 1, the most dominant contribution to the t matrix comes from the sum from the terms with n = 0 [10, 14] .
The sum for k = (0, k) is replaced with an integral:
where ρ is the density of states at the Fermi energy of the corresponding carbon system with the same chirality and ε B = ε N = 0. The quantity ρ near the Fermi energy E = 0 of the metallic carbon nanotube is calculated as [10] ρ(E) = A 2π
Because two sites in the discrete model correspond to a single site in the continuum k · p model, the density of sites of the continuum model is given by:
Thus, we obtain the final result of the t matrix
The scattering matrix t K is a representation by the A and B sublattices Ψ k,σ . The transformation into the representation where the electronic states of the E ± branches are diagonal, Φ k,σ , is defined by the matrix U as follows:
where
).
This unitary transformation given by U reduces to that of the carbon nanotubes in the limit ε B = ε N = 0, and the form has been used in the previous papers [10] [11] [12] . Therefore, the t-matrix in the representation where E ± states are diagonal becomes
The form of t
The scattering matrix t Therefore, the BN nanotubes are good candidates as optical materials. We expect experimental development of the optical studies on the BN heteropolar nanotubes.
When we take the limit, ε B = ε N = 0, the present discussion reduces to that of the carbon nanotube case. Here, the electronic states have the finite density of states at the Fermi energy in the metallic carbon nanotubes. The backward scattering of electrons is suppressed near the Fermi energy. Such the absence of backward scattering has recently been discussed [14] .
Summary
In summary, we have investigated the impurity scattering properties for optical excitations in BN heteropolar nanotubes. We have extended the continuum k · p model of the carbon nanotubes to that of the BN systems, and have introduced the site energies at the boron and nitrogen atoms, representing the strong ionic properties of the BN bonds. We have shown that the backward scattering components of the scattering t matrix are small with the order a/L, a being the lattice constant and L the circumference length. Therefore, the BN nanotubes are good conductors for photoexcitations.
Useful discussion with the members of Nanomaterials Theory Group, Nanotechnology Research Institute, AIST, is acknowledged. 
